In plants, DNA methylation can be mediated by a class of Argonaute4 (AGO4)-associated heterochromatic siRNAs (hc-siRNAs), through a pathway termed RNA-directed DNA methylation (RdDM). It has been thought that RdDM is solely a nuclear process, as both the biogenesis and functioning of hc-siRNAs take place in the nucleus. In this study, we unexpectedly found that hc-siRNAs are predominantly present in the cytoplasm. We demonstrated that AGO4 is loaded with hc-siRNAs in the cytoplasm and the formation of mature AGO4/siRNA complexes requires HSP90 and the cleavage activity of AGO4. Intriguingly, siRNA binding facilitates the redistribution of AGO4 into the nucleus, likely through inducing conformational change that leads to the exposure of the nuclear localization signal (NLS). Our findings reveal an unsuspected cytoplasmic step in the RdDM pathway. We propose that selective nuclear import of mature AGO4/siRNA complexes is a key regulatory point prior to the effector stage of RdDM.
INTRODUCTION
Small RNAs (sRNAs) of 20-30 nucleotides (nts) in length are key players in the gene regulatory network in eukaryotes. sRNAs can be classified into three major categories: small interfering RNAs (siRNAs), microRNAs (miRNAs), and Piwi-interacting RNAs (piRNAs). siRNAs and miRNAs are processed from perfect or near-perfect double-stranded RNA (dsRNA) precursors by Dicer or Dicer-like (DCL) proteins. They modulate target gene expression either transcriptionally by modifying chromatin or posttranscriptionally by regulating mRNA stability or translation. piRNAs are generated through a Dicer-independent pathway and function primarily in the germline to silence transposable elements in animals (Baulcombe, 2004; Carthew and Sontheimer, 2009; Malone and Hannon, 2009) .
sRNAs associate with Argonaute (AGO) family proteins to form the core of effector complexes, RNA-induced silencing complexes (RISCs) (Hannon, 2002) . AGOs comprise four domains: a variable N-terminal domain and conserved PAZ, MID, and PIWI domains (Tolia and Joshua-Tor, 2007; Vaucheret, 2008) . The PAZ domain binds to the 3 0 end of sRNAs , and the MID domain recognizes the 5 0 end through its 5 0 -phosphate-binding pocket in a nucleotide-specific manner (Frank et al., 2010; Mi et al., 2008; Montgomery et al., 2008) . The PIWI domain adopts a RNase H-like structure and exhibits endonuclease activity when an Asp-Asp-His (DDH) catalytic triad is present (Rivas et al., 2005; Song et al., 2004) . The mechanism of sRNA loading into AGOs is best understood in flies, where siRNA duplexes are loaded into Ago2 by the RISC-loading complex in an ATP-dependent manner (Matranga et al., 2005; Rand et al., 2005) . Hsc70/HSP90 is involved in this step possibly by mediating the conformational opening of Ago2 to accommodate the siRNA duplexes (Iwasaki et al., 2010) . Once bound to an siRNA duplex, Ago2 cleaves one of the strands, the passenger strand, triggering its dissociation from the complex and resulting in a mature RISC containing only the other strand, the guide strand (Matranga et al., 2005; Rand et al., 2005) . In plants, it has been shown that AGO1 becomes competent for binding siRNA duplexes when it is in a complex with ATP-bound HSP90, and ATP hydrolysis induces the dissociation of the passenger strand (Iki et al., 2011; Iki et al., 2010) .
The most abundant sRNAs in plants are 24 nt heterochromatic siRNAs (hc-siRNAs) derived from transposons and other repetitive sequences. Hc-siRNAs direct de novo cytosine DNA methylation in all sequence contexts (CG, CHG, and CHH where H is an A, C, or T) at homologous loci, through a pathway known as RNA-directed DNA methylation (RdDM) (Law and Jacobsen, 2010; Matzke et al., 2009; Matzke and Birchler, 2005) . In the RdDM pathway, single-stranded transcripts are produced from transposons and repetitive DNAs presumably by a plant-specific RNA polymerase, Pol IV (Herr et al., 2005; Kanno et al., 2005; Onodera et al., 2005) . These transcripts are converted into dsRNAs by a RNA-dependent RNA polymerase, RDR2 (Xie et al., 2004) . dsRNAs are then processed by DCL3 into 24 nt hc-siRNAs (Qi et al., 2005; Xie et al., 2004) . Three other proteins, CLASSY1 (CLASY1) (Smith et al., 2007) , RNA-DIRECTED DNA METHYLATION 4 (RDM4) (He et al., 2009a; Kanno et al., 2010) , and SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1) (Law et al., 2011) , interact with NRPD1 (the largest subunit of Pol IV) and are also required for the biogenesis of hc-siRNAs. Hc-siRNAs are then loaded into AGO4 to signal DNA methylation that is catalyzed by a de novo DNA methyltransferase, DRM2 (Cao and Jacobsen, 2002; Li et al., 2006; Qi et al., 2006) . The functioning of hc-siRNAs requires another RNA polymerase, Pol V (Wierzbicki et al., 2008) ; a putative chromatin-remodeling protein, DRD1 (Kanno et al., 2004) ; and a structural maintenance of chromosome domain protein, DMS3 (Ausin et al., 2009; Kanno et al., 2008) . Pol V generates nascent transcripts that serve as scaffolds for recruiting AGO4 complexes, likely through interaction between AGO4-bound hc-siRNAs and the nascent transcripts (Wierzbicki et al., 2008) . The interaction may be strengthened by the activity of KOW domain-containing transcription factor 1 (KTF1, also known as SPT5L), which interacts with both AGO4 and the nascent transcripts (He et al., 2009b) .
The conventional wisdom holds that RdDM is solely a nuclear process as hc-siRNAs are made and function in the nucleus. Fluorescent RNA in situ hybridization and protein immunolocalization experiments with isolated nuclei have shown that hc-siRNAs colocalize with DCL3, RDR2, AGO4, and NRPE1 (previously known as NRPD1b, the largest subunit of Pol V) in the nucleolus-associated bodies or Cajal bodies Pontes et al., 2006) . These observations have led to the proposals that hc-siRNA production and loading into AGO4 are coupled and both take place within nuclear processing centers (Law and Jacobsen, 2010; Li et al., 2006; Pontes et al., 2006) . In this study, through characterization of sRNAs from cytoplasmic and nuclear extracts, we unexpectedly found that the vast majority of hc-siRNAs are present in the cytoplasm. The loading of hc-siRNAs into AGO4 occurs in the cytoplasm, which in turn is required for nuclear entry of AGO4. Selective nuclear import of mature AGO4/siRNA complexes may therefore function as a regulatory point prior to the effector stage of RdDM.
RESULTS

Hc-siRNAs Are Predominantly Present in the Cytoplasm
To gain insights into the mechanisms of sRNA biogenesis and functioning in Arabidopsis, we profiled sRNAs in the cytoplasm and in the nucleus. We prepared cytoplasmic and nuclear fractions from 3-week-old Arabidopsis seedlings. Detection of known cytoplasmic or nuclear proteins and RNAs indicated a minimal contamination between the fractions ( Figure 1A ). sRNAs in total (whole cell), cytoplasmic, and nuclear extracts were profiled by Illumina deep sequencing. sRNA sequencing data from three biological replicates were obtained and used for all following analyses (Table S1 ). As previously reported (Qi et al., 2006) , sRNA sequences from the total extracts showed two discernible peaks at 21 and 24 nt, with 24 nt sRNAs being the most abundant species ( Figure 1B) . Intriguingly, we found that 21 nt sRNAs were the major species in the nuclear fraction, whereas 24 nt sRNAs accounted for $50% of the reads in the cytoplasmic fraction ( Figure 1B) .
We carried out more detailed analyses on the cytoplasmic and nuclear allocations of miRNAs and hc-siRNAs. The abundance of sRNAs was calculated as reads per million nuclear genomematching sequences (RPMs). We counted RPMs of individual miRNAs and hc-siRNA-generating loci in the three datasets. RPMs of most miRNAs in the cytoplasmic fraction were comparable to those in the nuclear fraction ( Figures 1C, 1D , and Table S2) . Surprisingly, for individual hc-siRNA-generating loci, we found about 10 times more RPMs in the cytoplasmic fraction than in the nuclear fraction ( Figures 1C, 1D , and Table S3 ).
We next used northern blot to verify the deep sequencing results. Two examined miRNAs (miR159 and 167) accumulated about three times more in the cytoplasm than in the nucleus (Figure 1E) , which was not in full agreement with the deep sequencing data showing that the RPMs of these two miRNAs were a bit higher in the nuclear fraction ( Figure 1D ). This could be attributed to the very low abundance of hc-siRNAs in the nuclear fraction, which makes miRNAs sequenced more frequently. Strikingly, all examined hc-siRNAs (AtSN1, AtREP2, SIMPLEHAT2, and siR1003) were overwhelmingly present in the cytoplasmic fraction and became detectable in the nuclear fraction only when 10 or 30 times more extracts were used (Figure 1E ). To our surprise, the 21 nt variants of hc-siRNAs appeared to be more prominent in the nucleus ( Figure 1E ), suggesting that they were preferentially retained in the nucleus or alternatively more efficiently transported into the nucleus, compared to 24 nt hc-siRNAs.
Biochemical Characterization of Cytoplasmic and Nuclear Hc-siRNAs
The high cytoplasmic accumulation of hc-siRNAs was rather surprising because hc-siRNAs are known to be produced and function in the nucleus (Law and Jacobsen, 2010; Matzke et al., 2009) . We asked whether cytoplasmic and nuclear hc-siRNAs exist in different biochemical states. First, we examined whether they are single-or double-stranded by using native gel electrophoresis followed by northern blot. We found that the cytoplasmic hc-siRNAs existed largely as duplexes with a small fraction being single-stranded, whereas the nuclear ones were mainly single-stranded ( Figure 2A) . As a control, miR171 was also probed and found to be predominantly single-stranded both in the cytoplasm and in the nucleus ( Figure 2A) .
Next, we used chromatography to examine whether cytoplasmic and nuclear hc-siRNAs were associated with AGO4. Total, cytoplasmic, and nuclear extracts were prepared from transgenic plants expressing N-terminally myc-tagged AGO4 (myc-AGO4) (Qi et al., 2006) and fractionated on a size exclusion ( Figure 2B ) or an ion exchange (Mono-Q) column ( Figure S1 ). We found that the vast majority of the cytoplasmic hc-siRNAs (AtREP2) were not associated with AGO4, whereas the nuclear ones cofractionated with AGO4 ( Figures 2B and S1 ). Similar analyses were carried out for AGO1 and miRNAs (miR159 and miR171). The majority of AGO1 proteins cofractionated with miRNAs in both cytoplasmic and nuclear extracts (Figures 2B and S1) .
Based on these observations, we hypothesized that upon being made in the nucleus, hc-siRNA duplexes are exported into the cytoplasm, where some of them are loaded into AGO4, and then imported into the nucleus in the form of AGO4/siRNA complexes.
AGO4 Loading of Hc-siRNAs in the Cytoplasm
According to our hypothesis, a fraction of total AGO4 protein should be detected in the cytoplasm. We indeed detected AGO4 in the cytoplasmic extract by western blot (Figures 2B and S1) . In order to visualize the subcellular localization of AGO4, N-terminally GFP-tagged AGO4 (GFP-AGO4) was transiently expressed in Arabidopsis protoplasts under the control of 
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(A) Quality controls of the preparation of cytoplasmic (C) and nuclear (N) fractions. PEPC, RBP1, HDA19, and histone H3 proteins were detected by western blot, and tRNA and U6 were probed by northern blot. PEPC and tRNA served as protein and RNA markers for the cytoplasmic fraction, and RBP1, HDA19, histone H3 and U6 served as nuclear markers. T, whole-cell extract. (B) Size distributions of the total, cytoplasmic, and nuclear sRNAs. The abundance of sRNAs was calculated as reads per million nuclear genome-matching sequences (RPMs). Average RPMs from three biological replicates were used to generate the histogram. Error bars indicate SD. nt, nucleotide. See Table S1 for the summary of small RNA datasets. (C) Scatter plot of the RPM of each miRNA (blue dot) and hc-siRNA (red dot) in the cytoplasmic fraction versus that in the nuclear fraction. A slope = 1 line is shown as reference. Average RPMs from three biological replicates were used to generate the histogram. See Tables S2 and S3 Tables S2 and S3 for complete lists of miRNAs and hc-siRNAs. (E) Detection of representative miRNAs and hc-siRNAs in total, cytoplasmic, and nuclear extracts by northern blot. Note that 10 or 30 times more extracts were used in the last lane than the first three lanes. The northern blots were stripped and reprobed multiple times. The positions of sRNA size markers, electrophoresed in parallel, are shown to the right of the gels. nt, nucleotide.
Molecular Cell
siRNAs Drive AGO4 into the Nucleus 35S or its native promoter. GFP-AGO4 was predominantly localized in the nucleus, with a small fraction being localized in the cytoplasm, regardless of the promoters used ( Figures 3A and S2A ). In order to validate the biological functionality of GFP-AGO4, we generated a transgenic line that expresses GFP-AGO4 under the control of its native promoter in the ago4-1 background. Restoration of hc-siRNA (SIMPLEHAT2 and AtREP2) accumulation and asymmetric DNA methylation at two RdDM target loci (SIMPLEHAT2 and MEA-ISR) in the transgenic line demonstrated the normal function of GFP-AGO4 ( Figures S3A and S3B ).
We next examined whether cytoplasmically localized AGO4 binds hc-siRNAs. AGO4 was immunoprecipitated from the cytoplasmic extract of myc-AGO4 transgenic plants and northern blot was used to test for coprecipitation of RNAs. Hc-siRNAs were detected in the AGO4 immunoprecipitates ( Figure 3B ), indicating that cytoplasmic AGO4 recruited hc-siRNAs. To further verify the competence of cytoplasmic AGO4 in recruiting hc-siRNAs, we generated a transgenic line that expresses a mutant GFP-AGO4 (named GFP-AGO4 DNLS ) with a deletion (A) Detection of indicated sRNAs in total, cytoplasmic, and nuclear extracts by 15% native PAGE electrophoresis followed by northern blot. Note that 10 or 30 times more extracts were used for the nuclear fraction. End-labeled synthetic 24 nt double-stranded (ds) and single-stranded (ss) sRNAs, electrophoresed in parallel, were used as size markers.
(B) Fractionation of total, cytoplasmic, and nuclear extracts by size exclusion chromatography. The indicated sRNAs and proteins were detected in each fraction. Fraction numbers are marked above the gel, and size makers are shown to the right. The black arrows indicate fractions where the 480 kDa, 160 kDa, and 67 kDa protein standards were eluted.
of the predicted nuclear localization signal (NLS) under control of its native promoter ( Figure 3C ). In contrast to the predominant nuclear localization of GFP-AGO4, GFP-AGO4 DNLS was mislocalized primarily to the cytoplasm as expected ( Figure 3D ). GFP-AGO4 and GFP-AGO4 DNLS were immunopurified by using a GFP-binding protein (GBP) (Krishna et al., 1997) . Interestingly, comparable amounts of hc-siRNAs were detected in the GFP-AGO4 and GFP-AGO4 DNLS complexes ( Figure 3E ). These results indicate the presence of the machinery that loads hc-siRNAs into AGO4 in the cytoplasm.
Biochemical Mechanism of AGO4 Loading of Hc-siRNAs
To dissect the biochemical mechanism of AGO4 loading of hc-siRNAs, we employed a cell-free system previously developed for plant RISC assembly (Iki et al., 2010) . We incubated a 24 nt siRNA duplex (GP24) ( Figure 4A ) with tobacco BY-2 lysate (BYL) containing myc-AGO4 protein synthesized by in vitro translation (Figure 4B ). Strand G in the duplex is designed to be the guide strand incorporated in the mature RISC (Khvorova et al., 2003; Mi et al., 2008; Montgomery et al., 2008; Schwarz et al., 2003) . After incubation, a band corresponding to the single-stranded siRNA (Strand G but not Strand P) was detected ( Figure 4C ). Both the siRNA duplex and the single-stranded siRNA (Strand G) were found to be AGO4-associated ( Figure 4C ). In the reactions with AGO4 D742A that is deficient in RNA cleavage (Qi et al., 2006) , the single-stranded siRNA was undetected ( Figure 4C ). As expected, AGO4 Y370AF371A that contains mutations at two conserved residues required for siRNA binding (Guang et al., 2008; Ma et al., 2004) was not competent in binding the siRNA duplex ( Figure 4C ). Consistent with the data from the in vivo experiment ( Figure 3E ), deletion of the NLS sequence did not alter the siRNA-binding and cleavage activities of AGO4 ( Figure 4C ). These data indicate that AGO4 recruits an siRNA duplex, followed by the removal of the passenger strand that is triggered by AGO4-mediated cleavage, to form a mature RISC.
We next examined whether our findings from the above cellfree experiments hold true in vivo. We immunopurified AGO4 complexes from total, cytoplasmic, and nuclear extracts of transgenic plants that express GFP-AGO4, GFP-AGO4 DNLS , and GFP-AGO4
D742A
, respectively. AGO4-associated hc-siRNAs were detected by native gel electrophoresis followed by northern blot analysis. Consistent with the data shown in Figure  3B , GFP-AGO4 could be immunoprecipitated from both cytoplasmic and nuclear extracts ( Figure 4D ). In both cytoplasmic and nuclear extracts, AGO4-bound hc-siRNAs were singlestranded ( Figure 4D ). GFP-AGO4
DNLS was purified only from the cytoplasmic extract as expected, and its associated hc-siRNAs were predominantly single-stranded ( Figure 4D ). Intriguingly, GFP-AGO4 D742A was also immunoprecipitated only from the cytoplasmic extract and was absent from the nuclear extract ( Figure 4D ). Consistent with the result from the cell-free experiment ( Figure 4C ), GFP-AGO4
-bound hc-siRNAs were double-stranded ( Figure 4D ). These results support the conclusions drawn from the cell-free experiments and suggest that upon being loaded onto AGO4, the passenger strand in an hc-siRNA duplex is quickly removed through AGO4-mediated cleavage.
The molecular chaperone HSP90 has been implicated in RNAi and RISC assembly in both plants and animals (Iki et al., 2010; Iwasaki et al., 2010; Johnston et al., 2010; Pare et al., 2009 ). We investigated whether HSP90 is involved in AGO4 loading of siRNAs. In BYL, a weak interaction was detected between AGO4 and HSP90 ( Figure 4E ). This interaction became much stronger in the presence of the slowly hydrolyzable ATP analog ATPgS, the effect of which was compromised by addition of the HSP90 inhibitor geldanamycin (GA) (Figure 4E) . Moreover, siRNA duplexes were coimmunoprecipitated with HSP90 in the presence of ATPgS ( Figure 4F ). In proteins under the control of AGO4 promoter. Cell walls were stained with propidium iodide (PI) before confocal microscopy, which fluoresces red. Bar = 15 mm.
(E) Northern blot analysis of hc-siRNAs in total extracts and AGO4 immunoprecipitates prepared from Col-0 and indicated transgenic plants. U6 RNA was probed and used as a loading control for total extracts. A silver-stained gel shows that equal amounts of AGO4 complexes were used for northern blot analysis.
the reaction with GA, neither siRNA duplexes nor singlestranded siRNAs were detected in the AGO4 immunoprecipitates ( Figure 4G ). These results indicate that HSP90 binds AGO4 and facilitates siRNA loading. Consistent with these biochemical data, the Arabidopsis RNAi lines, in which isoforms of cytosolic HSP90 were knocked down ( Figure 4H ), had reduced levels of asymmetric DNA methylation at AtSN1 and MEA-ISR ( Figure 4I ). (B) Synthesis and immunopurification of myc-AGO4 and the mutant proteins. myc-AGO4 and the mutant proteins were synthesized by in vitro translation using BYL. The samples before (input) and after (myc-IP) immunopurification were analyzed by western blot using anti-myc antibody.
In parallel, mock-translated BYL was analyzed.
(C) Assembly of AGO4/siRNA complex in cell-free system. myc-AGO4 and the mutant proteins were synthesized by in vitro translation using BYL and incubated with GP24 siRNA duplexes in which the 5 0 -end nucleotide of either guide (Strand G) or passenger (Strand P) strand was 32 P-labeled.
Then, immunopurification was performed with anti-myc antibody. RNA samples before (input) and after (myc-IP) immunopurification were analyzed by 15% native PAGE. In parallel, mocktranslated BYL was analyzed. The bands labeled with an asterisk likely represent an intermediate product: the guide strand paired with half of the passenger strand after AGO4-mediated cleavage.
(D) Detection of hc-siRNAs (SIMPLEHAT2) in wildtype and mutant AGO4 immunoprecipitates prepared from total (T), cytoplasmic (C), and nuclear (N) extracts by 15% native PAGE electrophoresis followed by northern blot. Silverstained gels show the amounts of AGO4 complexes that were used for northern blot analysis. End-labeled synthetic 24 nt double-stranded (ds) and single-stranded (ss) small RNAs, electrophoresed in parallel, were used as size markers.
(E) Copurification of HSP90 with AGO4. myc-AGO4 protein was synthesized in BYL and incubated with or without ATPgS and GA. In parallel, mock-translated BYL was incubated in the +ATPgS-GA condition. Immunopurification was performed with anti-myc antibody. Samples before (input) and after (myc-IP) immunopurification were analyzed by immunoblotting using anti-myc or anti-HSP90 antibody.
(F) Copurification of siRNAs with HSP90 in the presence of ATPgS. Immunopurification was performed with anti-HSP90 antibody.
(G) Effect of the addition of GA on the assembly of AGO4/siRNA complexes. Synthesized myc-AGO4 protein was incubated with GP24 siRNA duplex (Strand G was 32 P-labeled) in the absence (À) or in the presence (+) of GA. myc-AGO4 proteins were then immunopurified using anti-myc antibody, and copurified RNAs were analyzed by 15% native PAGE (''myc-IP'' panel), together with RNAs extracted from the samples before immunopurification (''input'' panel). In parallel, mock-translated BYL was analyzed in GA-free condition. 
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Hc-siRNA Loading Facilitates Nuclear Import of AGO4 The cytoplasmic assembly and nuclear function of the AGO4/ siRNA complex raise the possibility that such complex is the form for nuclear import. To test this possibility, we investigated whether nuclear import of AGO4 requires siRNAs. GFP-AGO4 was transiently expressed in protoplasts prepared from a dcl2-1 dcl3-1 dcl4-2 triple mutant that is deficient in hc-siRNA production . As shown in Figures 5A and S2B , the cytoplasmic localization of GFP-AGO4 became more prominent in the triple mutant protoplasts, in contrast to its predominant nuclear localization in the wild-type (Col-0) protoplasts. When expressed in protoplasts isolated from the ktf1-1 mutant that is defective in mediating DNA methylation but proficient in siRNA accumulation (He et al., 2009b) , GFP-AGO4 was predominantly localized in the nucleus (Figures 5A and S2B) . Consistent with the observations in these protoplasts, transgenically expressed GFP-AGO4 was primarily localized in the cytoplasm of the dcl triple mutant background and in the nucleus of the Col-0 and ktf1-1 backgrounds ( Figure S4 ). These data suggest that hc-siRNAs are involved in localizing AGO4 to the nucleus. To further elucidate the role of hc-siRNAs in nuclear import of AGO4, we investigated whether its import depends on siRNA binding. We examined the subcellular localization of GFP-AGO4
Y370A371A , a mutant that is deficient in binding siRNA duplexes ( Figure 4C ). In the transfected Col-0 protoplasts, compared to that of GFP-AGO4, the cytoplasmic localization of GFP-AGO4 Y370AF371A was much more prominent ( Figures 5B and S2C ). Similar observation was also made for GFP-AGO4 D742A that is competent in binding siRNA duplex but deficient in passenger strand removal ( Figures 5B and  S2C ). Based on these findings, we conclude that AGO4 and siRNAs are transported into the nucleus in the form of complexes.
Nuclear Localization of AGO4 Is
Regulated by the Accessibility of Its NLS We showed that nuclear localization of AGO4 was compromised by the mutations in the NLS or in the key residues for siRNA loading ( Figures  3D and 5B ). These findings indicate that both the NLS and siRNA binding are necessary for nuclear import of AGO4. We hypothesized that the NLS is not accessible to the nuclear transport machinery when AGO4 is not siRNA bound and that siRNA binding enables the accessibility. We further reasoned that changing the location of NLS in AGO4 may enable its accessibility even in the absence of siRNAs. To test this hypothesis, the NLS sequence was relocated from its original position to the N terminus of AGO4, resulting in AGO4 N-NLS . In both the Col-0 and dcl2-1 dcl3-1 dcl4-2 triple mutant protoplasts, GFP-AGO4 N-NLS was predominantly localized in the nucleus ( Figures 6A and S2D) . Moreover, when Y370AF371A mutations were introduced into AGO4 N-NLS , its nuclear localization remained ( Figures 6B and  S2E ), indicating that siRNA binding is not required for the nuclear import of AGO4 N-NLS . To rule out the possibility that the NLS in the internal sequence context was too weak to localize AGO4 to the nucleus in the absence of siRNAs, the internal NLS in AGO4 was replaced with a strong NLS (SV40 NLS), resulting in AGO4 . In Col-0 protoplasts, AGO4 SV40-NLS was predominantly localized in the nucleus (Figures 6C and S2F) . However, in the dcl2-1 dcl3-1 dcl4-2 protoplasts, its cytoplasmic localization became much more prominent ( Figures 6C and S2F ), indicating that a strong NLS in the internal sequence context is not sufficient for AGO4 nuclear localization in the absence of siRNAs. These observations together reveal a positional effect of NLS on AGO4: the NLS in the internal sequence context in AGO4 is likely masked and become accessible only when siRNA is loaded, whereas the N-terminal NLS is accessible regardless of siRNA binding.
DISCUSSION
A decade of study has established a mechanistic framework for the RdDM pathway in Arabidopsis (Law and Jacobsen, 2010; A construct expressing SV40NLS-mCherry was cotransfected to label the nucleus. Bars = 5 mm. See Figures  S2D-S2F for more protoplast images. Matzke et al., 2009; Matzke and Birchler, 2005) . It has been thought that siRNA production and assembly of AGO4/siRNA complexes are coupled events involving nuclear RNA processing centers (Law and Jacobsen, 2010; Li et al., 2006; Pontes et al., 2006) . However, in this study, several lines of evidence indicate that siRNAs are loaded into AGO4 in the cytoplasm and AGO4/siRNAs are transported into the nucleus in the form of mature RISCs. We thus propose a revised model for the RdDM pathway, featuring cytoplasmic assembly of AGO4/siRNA complexes and selective transport of the mature AGO4/siRNA complexes into the nucleus for their function (Figure 7) . We propose that selective nuclear import of mature RISCs but not other intermediates during RISC maturation may function as a quality control step prior to the effector stage of nuclear RNAi. Supporting this notion, in the transgenic Arabidopsis lines overexpressing a nuclear localized but hc-siRNA-binding-deficient AGO4 mutant GFP-AGO4 N-NLS/Y370AF371A
( Figure S5A ), asymmetric DNA methylation levels of two loci (AtMU1 and MEA-ISR) were significantly reduced ( Figure S5B ), indicating that the presence of AGO4 proteins devoid of siRNAs in the nucleus interferes with the function of endogenous AGO4. One feature of this revised model for RdDM is the cytoplasmic assembly of AGO4/siRNA complexes. This is a surprising finding as biogenesis and functioning of hc-siRNAs both occur in the nucleus. Using the BYL system, it has been shown that incorporation of siRNA duplexes into AGO1 (an AGO that primarily functions in the cytoplasm) is facilitated by HSP90, which presumably mediates conformational changes to accommodate the siRNA duplexes (Iki et al., 2010) . AGO1-mediated cleavage of the passenger strand results in a mature RISC (Iki et al., 2010) . We showed that the formation of mature AGO4 RISCs also requires HSP90 that is predominantly cytoplasmic and AGO4-mediated cleavage of passenger strand (Figure 4) , suggesting that the Molecular Cell siRNAs Drive AGO4 into the Nucleus cytoplasmic siRNA loading machinery is likely shared by AGO4 and AGO1. This could explain why hc-siRNAs need to be exported from the nucleus to be assembled into mature RISCs. In plants, siRNAs are known to be non-cell-autonomous and can traffic from cell to cell and long distance (Brosnan and Voinnet, 2011) ; this raises an interesting possibility that siRNA loading in the cytoplasm may facilitate the acceptance of siRNAs from adjacent cells.
Another feature of the revised model is the selective transport of the mature AGO4/siRNA complexes into the nucleus for its function. This mechanism appears to be shared by other organisms (Ishizu et al., 2011) . For instance, in Tetrahymera thermophila, the AGO protein Twi1p localizes to the nucleus and is crucial for scan RNA (scnRNA)-directed programmed DNA elimination in the macronucleus (Mochizuki and Gorovsky, 2004) . The nuclear localization of Twi1p requires the formation of a functionally mature Twi1p/scnRNA complex (Noto et al., 2010) . The selective nuclear import of mature AGO/siRNA complexes suggests that cells have evolved a mechanism to sense the states of AGOs. In Tetrahymera, a Twi1p-interacting protein, Giw1p, is required for the macronuclear localization of Twi1p. Giw1p can interact with both free Twi1p and Twi1p associated with a single-stranded scnRNA, but not with that In this model, siRNA duplexes are produced in the nucleus by sequential activities of Pol IV, RDR2, DCL3, and other accessory factors. AGO4 might also participate in this process through cleaving Pol IV transcripts to serve RDR2 with better substrates. siRNA duplexes are exported into the cytoplasm. In the cytoplasm, facilitated by HSP90, siRNA duplexes are loaded into AGO4. AGO4-mediated cleavage triggers the removal of the passenger strands, resulting in mature AGO4/siRNA complexes with an accessible NLS. Mature AGO4/siRNA complexes are then imported into the nucleus. In the nucleus, AGO4/siRNA complexes interact with Pol V transcripts and further recruit other factors to mediate DNA methylation. associated with scnRNA duplexes (Noto et al., 2010) . We showed that AGO4 D742A , which is deficient in passenger-strand removal ( Figure 4C) , cannot be transported into the nucleus ( Figure 5C ), suggesting that a functional homolog of Giw1p might exist in Arabidopsis. In this study, we found that relocating the NLS from its original position to the N terminus of AGO4 enables AGO4 to redistribute into the nucleus in the absence of siRNAs (Figure 6 ). With the knowledge that the conformation of a bacterial AGO protein changes when it binds to nucleic acids (Wang et al., 2008) , we propose that the NLS in wild-type AGO4 is masked by intramolecular folding or by an interacting protein. siRNAbinding may induce a conformational change in AGO4, leading to the exposure of NLS and its access to nuclear import machinery.
EXPERIMENTAL PROCEDURES
General Methods, Plant Materials, and Oligonucleotides Arabidopsis lines, growth conditions, DNA constructs, and oligonucleotides used in this study are described in the Supplemental Experimental Procedures.
Nuclear/Cytoplasmic Fractionation and Preparation of Nuclear Extracts Nuclear/cytoplasmic fractionation was performed as previously described (Wang et al., 2011) . The purified nuclear pellets were homogenized with nuclear lysis buffer (20 mM Tris-HCl [pH 7.5], 420 mM KCl, 2 mM EDTA, 2.5 mM MgCl 2 , 25% glycerol) and sonicated for 1 min on ice. After centrifugation at 15000 3 g for 10 min at 4 C, the supernatant was collected as nuclear extracts.
Western Blot Analysis
Protein samples were boiled with same volume of 23 protein loading buffer at 95 C for 5 min and separated by SDS-PAGE gel. Proteins were then transferred to PVDF membranes and detected with antibodies against AGO1 (Qi et al., 2005) , HDA19 (Cheng et al., 2009) , PEPC (Sigma-Aldrich), RPB1 (Abcam), FLAG(Sigma-Aldrich), histone H3 (Sigma-Aldrich), GFP (Roche), myc (Roche), or tubulin (Sigma-Aldrich).
sRNA Northern Blot sRNAs were isolated from whole-cell, cytoplasmic, and nuclear fractions or AGO4 immunoprecipitates as described (Qi et al., 2005) , separated by 15% denaturing or native PAGE gel, and transferred onto Hybond-N + membranes (Amersham). Membranes were UV crosslinked and hybridized to 32 P endlabeled oligonucleotide probes. The sequences of the probes are listed in the Supplemental Experimental Procedures.
sRNA Cloning and Sequencing sRNAs were isolated from whole-cell, cytoplasmic, and nuclear extracts, and cloned for Illumina GAIIx sequencing essentially as described (Mi et al., 2008) . A detailed protocol is available upon request.
Bioinformatic Analysis of sRNAs
Adaptor sequences in reads obtained from Illumina sequencing were removed using ''vectorstrip'' in the EMBOSS package. sRNA reads with length of 19-27 nt were mapped to the Arabidopsis nuclear genome and those with perfect genomic matches were used for further analysis. miRNAs were annotated with perfect matches to our revised version of miRBase (www.mirbase.org, release 16). Dispersed repeats in the Arabidopsis nuclear genome were annotated using RepeatMasker with Repbase library (www.girinst.org). The abundance of individual miRNAs and hc-siRNAs was calculated as reads per million sequences (RPMs).
Chromatography
Ion exchange and size exclusion chromatography were performed as described in the Supplemental Experimental Procedures.
Bisulfite Sequencing
Genomic DNAs were isolated from 3-week-old seedlings using the DNeasy Plant Mini kit (QIAGEN). Bisulfite treatment and PCR amplification were performed as previously described (Wu et al., 2010 ). Purified PCR products were then cloned into pGEM-T easy vector (Promega), and at least 20 clones were sequenced for each sample. Analysis of sequencing data was performed by Kismeth software (Gruntman et al., 2008) . The primers used for bisulfite sequencing are described in the Supplemental Experimental Procedures.
Quantitative RT-PCR
The expression levels of HSP90.1-4 were determined by quantitative RT-PCR. Total RNA was extracted with the Trizol reagent (Invitrogen) from seedlings of Col-0 and pooled primary transformants of HSP90 RNAi-A and RNAi-C. Quantitative PCR was performed as described (Wang et al., 2011) . Actin mRNA was detected in parallel and used for data normalization. The primers used for PCR are listed in the Supplemental Experimental Procedures.
Protoplast Transformation
Protoplast isolation and transfection were performed essentially as described (Yoo et al., 2007) .
Confocal Fluorescence Microscopy
GFP and mCherry fluorescence in transfected protoplasts was observed using a Zeiss LSM 5 Pascal inverted confocal microscope. The images were presented as 3D projected stacks of 10-12 neighboring sections. The 3D reconstruction of images was performed by Auto Quant X2 and Volocity 5.5. For confocal fluorescence microscopy analysis of transgenic plants, roots of 6-day-old seedlings grown on 1/2 MS medium were first stained with 10 mg/ml propidium iodide (PI) for 30 s and then washed in water for at least three times. Fluorescences of GFP and propidium iodide (PI) were observed using a Zeiss LSM 5 Pascal inverted confocal microscope. The images were processed by LSM Image Browser software.
Immunopurification
Immunopurification of myc-AGO4 complexes was performed essentially as described previously (Qi et al., 2006) . GFP-AGO4, GFP-AGO4 DNLS , GFP-ADO4 D742A complexes were purified as described (Rothbauer et al., 2008) .
In Vitro Transcription
To prepare mRNAs of myc-AGO4 and its derivatives, pSP64-Gate-plus constructs were linearized by digestion with Xba I and used as templates for in vitro transcription by AmpiCap SP6 High Yield Message Maker Kit (EPICENTRE).
In Vitro Assembly of AGO4/siRNA Complex In vitro assembly of AGO4/siRNA complex was performed as described previously (Iki et al., 2010) . See the Supplemental Experimental Procedures for the detailed protocols.
ACCESSION NUMBERS
Datasets of sRNAs generated in this study are deposited in the NCBI Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) under accession number GSE36500.
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